[1] Interactions of galactic cosmic rays and solar energetic particles with nuclei in the Earth's atmosphere produce secondary neutrons. Secondary neutrons with energies greater than a few MeV interact with atmospheric nuclei and produce gamma ray lines. The relative intensities of these lines depend on the shape of the neutron energy spectrum, and so their measurement with satellite detectors provides neutron spectral information complementary to direct observation. Reliable interpretation of such line measurements requires accurate knowledge of the production cross sections. Because the atmospheric neutron spectrum at these energies is very hard (falling by less than a factor of 10 from 10 to 100 MeV), higher-energy neutrons contribute significantly to line production. Knowledge of the cross sections at these higher energies is critical for accurate line yield predictions. In this paper we evaluate and present the most important cross sections for deexcitation line production by neutron interactions with the Earth's atmosphere, with emphasis on extending them to higher neutron energies, using both laboratory measurements and the nuclear reaction code TALYS to obtain the cross sections from a few to >200 MeV. Using these cross sections, we also demonstrate the sensitivity of gamma ray line ratios for providing information about the ∼1-200 MeV atmospheric neutron spectrum.
Introduction
[2] The atmospheres of both the Earth and the Sun are sources of gamma ray line emission. Gamma ray lines, most having energies from 0.5 to 10 MeV, are produced when particles with kinetic energies greater than about an MeV nucleon −1 interact with ambient material. Because the cross sections for producing the various gamma ray lines have different dependences on particle energy, ratios of line intensities depend on the steepness of the energetic particle spectrum. Since the cross sections generally are significant at particle energies of a few tens of MeV nucleon −1 , remote measurement of line ratios provides information about the energetic particles at these energies. We note that these ratios also depend on the elemental composition of the target material, but the composition of the Earth's atmosphere is known, in contrast to studies of solar flares where the composition of the active chromosphere is not known independently.
[3] Gamma ray lines from solar flares have been observed with satellite-based instruments over the last four decades. The emission results from interactions of ions accelerated by the flare process with the solar atmosphere. Extensive studies of this emission have established gamma ray spectroscopy as an important tool for exploring high-energy processes in flares. The intensities and shapes of the lines have been used to determine abundances and physical conditions of the solar atmosphere where the energetic particles are transported and interact and also the composition, spectrum and angular distribution of the energetic particles [see, e.g., Ramaty et al., 1996; Share and Murphy, 2006; Smith et al., 2003; Kiener et al., 2006; Murphy et al., 2007] .
[4] Gamma ray lines from the Earth's atmosphere have been observed with instruments on balloons [e.g., Buivan et al., 1979] and on satellites such as HEAO-3, SMM, RHESSI and Yohkoh [e.g., Willett and Mahoney, 1992; Share et al., , 2002 Harris et al., 2003] . Indeed, other than the satellite itself, gamma ray emission from the atmosphere is the strongest source of background radiation for such instruments. The emission results from interactions of both galactic cosmic rays (GCRs) and solar energetic particles (SEPs) with elements of the atmosphere, primarily nitrogen and oxygen. The contributions from the next most abundant elements, argon and carbon, are not significant (see section 2.1). Gamma ray lines have also been detected from the surfaces of the Moon, Mars and even an asteroid, but in those cases the target nuclei are typical of surface material such as Si, Al, Mg and Fe, not C, N and O as in Earth's atmosphere.
[5] Cross sections for line production typically peak at a few tens of MeV nucleon −1 and then decrease rapidly at higher energies, while cross sections for spallation reactions continue to be significant to higher energies. Due to solar modulation, the GCR spectrum at the Earth is very hard from about 10 to several hundred MeV nucleon −1 ; in fact, it increases with energy. As a result, spallation reactions producing secondary particles are much more likely than reactions producing excited nuclei. At a few tens of MeV the secondary particle spectrum dominates, so that gamma ray emission from the quiescent atmosphere (i.e., when no SEP event is occurring) is mostly due to interactions of secondary neutrons (with some contribution from secondary protons) rather than to interactions of the GCRs themselves. On the other hand, the SEP spectrum is much steeper than the GCR spectrum in this energy range so that gamma ray line emission during SEP events is mostly due to direct interactions of the SEPs themselves with only an additional contribution from secondary neutrons. (We note that in solar flares, the accelerated particle spectrum is also relatively steep so that gamma ray line emission is again due primarily to the accelerated ions themselves rather than to secondaries such as neutrons.)
[6] Secondary neutrons with energies greater than a few MeV are the most important cause of single event upsets in avionic microelectronic devices [Goldhagen, 2003] . Neutrons of these same energies also pose a health risk for highaltitude aircraft personnel [Wilson et al., 2003] . Remote sensing of atmospheric gamma ray line ratios can provide information about the neutron spectrum at just these important energies, complementary to and/or confirming direct measurements. Complementary measurements can help constrain parameters when direct measurement uncertainties are large and also may help reveal unknown systematic measurement errors.
[7] Three types of atmospheric gamma ray lines can be distinguished: (1) deexcitation lines, (2) radiative neutron capture lines, and (3) the positron annihilation line. Deexcitation lines result from relaxation of nuclei excited by inelastic and spallation reactions of energetic neutrons and protons with heavier nuclei; for example, n + 14 N → n + 14 N* 2.313 → 14 N + g 2.313 . Radiative neutron capture lines are produced when a neutron is captured by a nucleus and the binding energy appears as a photon; for example, n + 14 N → 15 N + g 10.829 . Because total radiative capture cross sections at low energies are inversely proportional to velocity, most captures occur after the neutrons have thermalized. The 0.511 MeV positron annihilation line is the strongest line observed in the atmospheric spectrum and is due to annihilation of positrons with ambient electrons. The positrons result from the decay of pions produced in the GCR shower and also from beta decay of radioactive nuclei produced by nuclear interactions of both primary and secondary particles.
[8] Obtaining reliable results from studies of gamma ray lines requires accurate knowledge of the gamma ray line production cross sections. Cross-section evaluations which rely primarily on laboratory measurements combined with theoretical guidance have established solid credibility for astrophysical gamma ray line spectroscopy. The cross sections used in solar flare research have been extensively and systematically evaluated in this way for over 30 years (e.g., Ramaty et al. [1979] , Kozlovsky et al. [2002] (hereafter KMR), and Murphy et al. [2009] (hereafter MKKS)).
[9] Ling [1975] presented a semiempirical model for gamma rays from neutron interactions in the atmosphere using measured line production cross sections up to 17 MeV and assumptions about their higher-energy behavior. In addition to analyzing the HEAO-3 data and identifying the reactions potentially responsible for producing the observed lines, Willett and Mahoney [1992] estimated relative line intensities using cross-section measurements extending only to about 20 MeV and assumed spectra for the energetic neutrons and protons. In their analysis of SMM data, Harris et al. [2003] also estimated relative line intensities, again using then-currently-known cross sections up to only about 20 MeV and assumptions about their high-energy behavior. Since line production cross sections for C, N and O interactions become significant only above neutron energies of ∼8-10 MeV, the contribution of the 8-20 MeV interval for a hard neutron spectrum is only a fraction of the total yield; higher-energy neutrons can, in fact, contribute most of the yield. Accurate prediction of line yields therefore requires accurate knowledge of the cross sections at these higher energies. In fact, Harris et al. [2003, p. 9-6 ] noted that the cross-section uncertainty "is the major source of systematic error in this calculation."
[10] The primary subject of this paper is a comprehensive evaluation and presentation of cross sections for production of the strongest expected gamma ray deexcitation lines due to neutron interactions with the Earth's atmosphere, with emphasis on extension of the cross sections to higher neutron energies. The deexcitation line cross sections for energetic proton and alpha particle interactions with the most abundant elements in the solar atmosphere (including C, N and O) have been evaluated and presented in previous publications [Ramaty et al., 1979; KMR; MKKS] . Here, we evaluate and present deexcitation and capture line cross sections for neutron interactions using available laboratory measurements supplemented where necessary with theoretical calculations. This approach is similar to the extensive evaluation of MKKS for proton and alpha particle interactions. Besides being useful for calculations of gamma ray line yields in the atmosphere, the list of lines and the relative strengths of their cross sections provided here give guidance in identifying sources of observed line features. Our cross section evaluation covers the entire relevant range of neutron energies from terrestrial thermal (∼0.025 eV, corresponding to 300K) to greater than 200 MeV. The evaluated deexcitation line cross sections are also provided in the auxiliary material in machine-readable format.
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[11] In section 2 we present the evaluated cross sections for gamma ray deexcitation line production from neutron interactions with carbon, nitrogen and oxygen. In section 3 we use the evaluated cross sections to estimate yield ratios of the strongest lines to demonstrate the sensitivity of gamma ray ratios for providing information about ∼1-200 MeV secondary neutron spectrum in the atmosphere. We summarize our calculations in section 4 and suggest further studies.
Cross Sections for Neutron Interactions
[12] We obtain the cross section values from the most recent Evaluated Nuclear Data Files (ENDF) at the Sigma link of the National Nuclear Data Center Web site (http:// www.nndc.bnl.gov). An ENDF evaluation is an attempt to extract the true cross-section values by analyzing experimental data combined with predictions of nuclear model calculations. The experimentally measured nuclear reaction data is available at the Cross Section Information Storage and Retrieval System (CSISRS) library, EXFOR, maintained by the Nuclear Reaction Data Centers Network (NRDC). Information about these data and the data format is available at http://www-nds.iaea.org/nrdc/about/aboutexfor.html. Evaluated ENDF cross sections are tested via "benchmarks," when available, in which calculations based on ENDF evaluations are compared with experimental results. Information about this testing is available at http:// www.nea.fr/dbprog/bm/CSEWG/.
[13] The evaluated ENDF cross sections generally extend only up to 20-30 MeV. To extend the cross sections to higher neutron energies, we use one of two procedures. If the reaction is inelastic (i.e., (n, n′)), at higher energies we use measured cross sections for the analogous proton reaction (i.e., (p, p′); see below) where available. Otherwise, and for spallation reactions, at higher energies we use TALYS. TALYS (http://www.talys.eu/) is a user-friendly, efficient code simulating nuclear reactions of 1 keV to 250 MeV projectiles using state-of-the-art nuclear models (such as optical, direct, preequilibrium, compound and fission) and comprehensive libraries of nuclear data covering all main reaction mechanisms encountered in particle-induced nuclear reactions. When necessary, we scale the TALYS cross section to match the ENDF cross section at the highest measured neutron energies. For lines predicted by TALYS to have significant (i.e., >10 mb) cross sections but having no measured cross sections, we use TALYS at all neutron energies.
[14] An analogous proton inelastic reaction involves the same target and excited nucleus but with a proton projectile rather than a neutron. At energies greater than ∼30 MeV, the (p, p′) cross section is expected to be similar to the (n, n′) cross section for the analogous reaction because at these energies the excitation of the nucleus is mainly via the direct mechanism rather than via a compound nucleus mechanism. In the direct mechanism, the dominant factor is the nucleonnucleon interaction between the projectile and the target nucleons and not the detailed structure of the target and compound nuclei as in the compound nucleus mechanism. Because the nucleon-nucleon interaction is charge independent and the Coulomb effect is relatively unimportant at these energies, the (n, n′) cross section should be approximately equal to the (p, p′) cross section. This has been confirmed by direct measurements. Based primarily on extensive laboratory measurements but also guided by theoretical considerations, KMR evaluated and presented the (p, p′) cross sections for producing excited states of 12 C, 14 N and 16 O. These can be compared with the cross sections for the analogous (n, n′) reactions as given by ENDF and discussed below. At the highest projectile energies where measurements exist for both reactions (∼10-30 MeV), the cross sections are essentially identical, in both absolute value and energy dependence. This analogy was also explored by Bauer et al. [1963] for neutron scattering by 14 N and 16 O at 14 MeV. They found that even at this low energy the angle-dependent cross sections for the inelastic and elastic reactions were the same as the corresponding (p, p′) cross sections. At higher energies, the theoretical argument for the analogy is even stronger. For (n, n′) cross sections at energies greater than 30 MeV we therefore used the analogous (p, p′) cross sections from KMR where available since they are based on laboratory measurements, scaled when necessary to match the ENDF (n, n′) cross sections at the highest measured neutron energies. This analogy is not applicable to spallation reactions.
[15] In section 2.1 we discuss the cross sections for deexcitation lines resulting from interactions of energetic neutrons with carbon, nitrogen and oxygen. Because the secondary neutron population in the atmosphere may have a large number of thermal neutrons, in section 2.2 we also discuss cross sections for lines resulting from radiative neutron capture.
Deexcitation Lines
[16] In order to build a comprehensive list of the expected atmospheric gamma ray deexcitation lines we have completed a systematic search of all lines reported by TALYS resulting from neutron interactions with C, N and O, including lines from both inelastic and spallation reactions. We note that although Ar is more abundant than C, we find that its contribution is not significant. Except for two lines, the production cross sections for lines from Ar are less than 0.5 millibarn (mb) and most are significantly less. The cross sections for the two strongest Ar lines, at 0.167 and 0.516 MeV, are less than 2 mb so even these lines will be weak and difficult to measure. On the other hand, the C cross sections are greater than 30 mb, with that of the 4.4 MeV line greater than 300 mb. Since a feature at 4.44 MeV has been observed in the atmospheric gamma ray spectrum, determining the contribution of C to the spectrum is important. We therefore consider lines from C but not from Ar. We will see below that the contribution of C to the 4.44 MeV line feature is, in fact, not significant. Nevertheless we include the C cross sections here since line production from neutron interactions with C may be more relevant in other contexts.
[17] In Table 1 we list all lines whose cross sections as given by TALYS are greater than 10 mb. The first column is the line energy in MeV, the second column is the transition responsible for the line ("g.s." refers to "ground state"), and the third column is the reaction producing the excited nucleus. We discuss the evaluated cross sections for individual lines from the three targets in sections 2.1.1-2.1.3.
Lines From Carbon
[18] Although 12 C is the least abundant of the three atmospheric elements considered here, the 4.439 MeV line from the inelastic reaction 12 C(n, n′) 12 C* has one of the largest cross sections. At neutron energies less than 30 MeV the cross section is from ENDF. At energies greater than 30 MeV we used the evaluation by Chadwick et al. [1996] for inelastic scattering to the first excited state ( 12 C* 4.439 ). Since this is the only bound state, this cross section is equal to the cross section for 4.439 MeV photon production. The Chadwick evaluation is mainly based on model calculations but benchmarked to measurements where they exist. The evaluated cross section is shown in Figure 1 .
[19] The strongest lines from spallation of 12 C are at 0.478 MeV from the reaction 12 C(n, 3p3n) 7 Li*, and at 2.125 and 4.445 MeV from 12 C(n,'d') 11 B*. The meaning of 'd' is a deuterium particle or one proton and one neutron. For the cross sections of these three lines we used the theoretical predictions of TALYS at all neutron energies. The cross sections are shown in Figure 1 N(p, p′) 14 N* reactions from KMR. We found that these cross sections had the same energy dependence as the ENDF cross sections in the overlapping energy range and were very close to their absolute values. We therefore scaled the KMR cross section to match the ENDF cross section at the overlapping energies. For the remaining lines (except the 6.446 MeV line) at energies greater than 30 MeV we used the calculated TALYS cross sections scaled to match the ENDF cross sections at lower energies since no measured cross section for the analogous (p, p′) reactions is available. For the 6.446 MeV line we used the calculated TALYS cross section at all neutron energies since no ENDF cross section was available. The evaluated cross sections for these lines are shown in Figures 2 and 3 .
[21] Spallation of nitrogen produces lines at 3.089, 3.684, and 3.854 MeV from 14 N(n,'d') 13 C, at 4.439 MeV from 14 N(n,'t') 12 C*, at 2.125, 2.895, 4.445 and 5.020 MeV from 14 N(n,'a') 11 B*, and at 6.094, 6.728 and 7.012 MeV from 14 N(n, p) 14 C*. The meaning of 'a' is an alpha particle or any combination of two protons and two neutrons, 't' is a tritium particle or any combination of one proton and two neutrons, and 'd' is as before. Except for the 2.895 MeV line, [22] For the cross sections involving an exit channel 'a' particle (see Figure 5) , we see that TALYS predicts a second maximum at energies above that needed to break up the alpha particle (∼30 MeV). The first maximum is related to the emission of an intact alpha particle, and the second is due to the opening of new exit channels resulting from alpha particle breakup. This behavior of cross sections for such reactions was discussed in detail by MKKS. As emphasized in the introduction, the very flat atmospheric neutron spectrum places importance on the high-energy behavior of the cross sections, and these secondary maxima can contribute significantly to the line yield. The cross sections involving an exit channel 'd' or 't' particle ( Figure 4 ) do not exhibit two maxima. Because the threshold energies for these reactions are relatively high and because tritium and deuterium are relatively easily broken up, there is no significant production of intact tritium or deuterium. Figure 7 .
[24] Spallation of oxygen produces lines at 0.169, 3.089, 3.684, and 3.854 MeV from the reaction cross sections for these lines are shown in Figure 8 . In all of these cross sections we again see second maxima associated with the break up of the alpha particle. We do not include the cross section for the 4. O(n,'d') 15 N*. At neutron energies less than 30 MeV, we used the ENDF measurements of Nelson et al. [2002] , and at neutron energies greater than 30 MeV we scaled the calculated TALYS cross sections to match the measurements at ∼30 MeV. The evaluated cross sections for these lines are shown in Figures 9 and 10 . For the same reason discussed above for reactions having tritium or deuterium in the exit channel, there is again no significant production of intact tritium or deuterium. We do not include the cross section for production of the 1.635 MeV 14 N line from spallation of 16 O because it is less than 10 mb.
Neutron Capture Lines
[26] Neutron capture on nitrogen ( 14 N(n, g) 15 N) produces a number of lines with significant cross section at terrestrial thermal energy. At neutron energies less than ∼250 keV, the total cross section for radiative neutron capture by 14 N is inversely proportional to velocity, reaching a value of ∼75 mb at thermal energy. This cross section, obtained from ENDF, is shown in Figure 11 .
[27] For the various neutron capture lines, we use their energy-dependent yields as given by ENDF. The ten strongest lines for capture by nitrogen are at 10. 829, 7.299, 6.322, 5.562, 5.533, 5.297, 5.269, 4.508, 3 .677 and 1.884 MeV, and their respective yields (number of photons per one neutron capture) at thermal energy are 0.14, 0.09, 0.18, 0.11, 0.20, 0.21, 0.30, 0.17, 0.15 and 0.19. We note that, except for the 10.829 MeV line, the yields of all of these lines are negligible above ∼200 keV. The cross section to produce a specific neutron capture line is the product of its yield and the total radiative neutron capture cross section of Figure 11 . As an example, we show the cross section for the 5.297 MeV capture line in Figure 11 . Since the cross sec- tions for these capture lines can be derived from the data directly available at ENDF, we do not present them here for the other lines, nor do we include them with the evaluated deexcitation line cross sections provided at the Web site.
[28] We do not consider neutron capture lines from carbon ( 12 C(n, g) 13 C) or oxygen ( 16 O(n, g) 17 O). Although the carbon neutron capture cross section is ∼3 mb at thermal energy, the abundance of carbon is only 0.03% and, while the oxygen abundance is 21%, the oxygen neutron capture cross section is only 0.19 mb at thermal energy. Nitrogen is the dominant source of atmospheric neutron capture gamma ray lines.
Using Gamma Ray Line Ratios to Constrain the Atmospheric Secondary Neutron Spectrum
[29] We demonstrate the capability of gamma ray line spectroscopy to provide information about the energy spectrum of ∼1-200 MeV secondary neutrons in the atmosphere by using the above evaluated cross sections to calculate yield ratios for the strongest atmospheric lines. Because cross sections for spallation lines generally have higher threshold energies and peak at higher energies than cross sections for inelastic lines, yield ratios of these two types of lines are most sensitive to the steepness of the neutron spectrum.
[30] We consider ratios of the three strongest lines produced primarily by inelastic excitation of 14 N and 16 O (1.63, 2.31 and 6.13 MeV) to that of the 4.44 MeV line produced primarily by spallation of 14 N. Figures 2 and 7 show that the cross sections for the inelastic lines peak at energies less than 10 MeV while the cross section for the spallation line (Figure 4 ) peaks at ∼35 MeV and is negligible below 10 MeV. These line ratios will therefore provide information about the relative numbers of neutrons below and above ∼10 MeV. We note that for the quiescent atmospheric neutron spectrum resulting from cosmic ray interactions, we find the bulk of the 4.44 MeV feature is due to the 4.439 MeV line of 12 C produced by spallation of 14 N, with the 4.445 MeV 11 B spallation line contributing only ∼14% to the total yield. This is consistent with the conclusion of based on the measured flux of the 2.125 MeV 11 B line. For softer spectra, such as from SEP interactions, the contribution of the 4.445 MeV line could be greater. We also find that the contribution to this feature from the 4.439 MeV 12 C line produced by inelastic excitation of 12 C is negligible due to the low relative abundance of C.
[31] We calculate the yield Q i of deexcitation line L i due to secondary neutron interactions using
where E n is the neutron energy, n i is the number density of the target nucleus associated with the reaction producing L i , F n is the neutron flux, and s i is the cross section for the reaction producing L i . If there is more than one reaction producing L i , Q i is the sum of their individual yields. The yield ratio R ij of two lines L i and L j is then
where the bracket is the relative abundance of the two targets and I i (I j ) is the integral in equation (1) associated with L i (L j ).
[32] The resulting three yield ratios calculated for power law differential neutron spectra (F n / E n −s ) from 1 to 200 MeV are shown in Figure 12 as a function of the power law spectral index s. The ratios for the 1.63 and 2.31 MeV lines change by almost an order of magnitude for a spectral index change of only 2, clearly demonstrating the potential of gamma ray line ratios for determining the neutron spectral steepness. The 6.13 MeV 16 O line is not as sensitive to the spectral index as are the two 14 N lines. The reason for this can be seen by comparing its cross section shown in Figure 7 to the those of the other lines in Figure 2 . The 6.13 MeV line cross section is negligible below ∼7 MeV while the cross sections for the other lines continue to be significant down to below 5 MeV. [33] The evaluated cross sections presented here can be used to calculate line flux ratios as observed at satellite altitudes that can be compared with measured ratios. An accurate calculation of such ratios (and especially absolute line fluxes) must take into account (1) the depth dependence of the neutron spectral shape and intensity, (2) the attenuation of the various gamma ray lines due to Compton scattering through the atmosphere, (3) any additional contribution to the yield from primary and secondary protons, and (4) a model for the atmosphere providing the depth dependence of the density. In addition, the total intensity is the sum over all look directions, taking into account variation of the neutron and proton spectra with latitude and longitude. Such a detailed calculation is beyond the scope of this paper.
Summary and Discussion
[34] Gamma ray lines have been detected from the Earth's atmosphere with a number of instruments on both balloons and satellites. The emission results from interactions of both galactic cosmic rays and solar energetic particles with elements of the atmosphere (primarily nitrogen, oxygen and carbon). Due to solar modulation, the GCR spectrum at Earth is very hard from 10 to >100 MeV nucleon −1 , actually increasing with neutron energy. As a result, gamma ray line emission from the quiescent atmosphere is mostly due to interactions of secondary neutrons. Because of the energy dependence of line production cross sections, this emission arises mostly from neutrons with energies from ∼1 to a few hundred MeV. This same range is also most important for single event upsets in avionic microelectronics and poses a health hazard for high-altitude aircraft personnel. This range is also important because most neutrons are generated at these energies: at a few MeV from the evaporation process and at higher energies from the preequilibrium and direct processes [see, e.g., Hua et al., 2002] . Remote sensing of deexcitation line ratios can provide information about the neutron spectrum at these energies, complementary to and/ or confirming direct measurements.
[35] Accurate nuclear gamma ray line production cross sections are a critical factor for reliable interpretation of measured line fluxes. Because the atmospheric neutron spectrum is very hard up to ∼150 MeV, the need for accurate cross sections extends to these high energies. We evaluated and presented all relevant gamma ray line cross sections for neutrons from terrestrial thermal energy to greater than 200 MeV. We combined laboratory measurements with theoretical calculations obtained with the updated and validated nuclear program TALYS. The cross sections are shown in Figures 1-10 and are also available in the auxiliary material in machine-readable format.
[36] Using the cross sections provided here, we calculated line yields resulting from power law differential neutron energy spectra (F n / E n −s ) using equation (1). We showed that yield ratios of lines arising from inelastic reactions to lines arising from spallation reactions are sensitive to the steepness of the neutron spectrum, demonstrating that gamma ray line spectroscopy can provide an effective diagnostic tool for obtaining information about the ∼1-200 MeV neutron energy spectrum. Comparison of calculated ratios with measured ratios requires a detailed calculation of line flux ratios as observed at satellite altitudes. Such a calculation is beyond the scope of this paper.
[37] Although deexcitation line yield ratios can provide information about the secondary neutron spectrum, the shapes of gamma ray lines are another major source of information obtained with gamma ray spectroscopy. Deexcitation line shapes are due solely to the recoil velocities of the emitting nuclei which, in turn, are determined by the energy and angular distributions of the energetic particles and the kinematics of the reactions. A detailed calculation of the atmospheric deexcitation line spectrum must be performed which includes the energetic neutron angular distribution (as observed, for example, by Preszler et al. [1976] where high-energy neutrons were found preferentially directed horizontally) and a full nuclear kinematic treatment of the reactions as has been done for solar flares [e.g., Ramaty et al., 1979] .
[38] Complete calculated gamma ray line spectra can be iteratively compared with measured gamma ray spectra in a full calculation of production and radiation transfer in the atmosphere. In this way, remote sensing of gamma ray lines by satellites or balloons can provide reliable information on the energy, angular and depth distributions of atmospheric secondary neutrons and the physical conditions of the atmosphere.
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